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Abstract
Background:Ventriculo-ventricular interactions are known to exist, though not well quantified.
We hypothesised that the ventricular–vascular coupling ratio assessed by cardiovascular
MRI would provide insight into this relationship. We also sought to compare MRI-derived
ventricular–vascular coupling ratio to echocardiography and patient outcomes. Methods:
Children with cardiac disease and biventricular physiology were included. Sanz’s and Bullet
methods were used to calculate ventricular–vascular coupling ratio by MRI and echocardiog-
raphy, respectively. Subgroup analysis was performed for right and left heart diseases.
Univariate and multivariate regressions were performed to determine associations with
outcomes. Results: A total of 55 patients (age 14.3 ± 2.5 years) were included. Biventricular
ventricular–vascular coupling ratio by MRI correlated with each other (r= 0.41; p= 0.003),
with respect to ventricle’s ejection fraction (r = −0.76 to −0.88; p< 0.001) and other ventricle’s
ejection fraction (r = −0.42 to −0.47; p< 0.01). However, biventricular ejection fraction had
only weak correlation with each other (r= 0.31; p= 0.02). Echo underestimated ventricular–
vascular coupling ratio for the left ventricle (p< 0.001) with modest correlation toMRI-derived
ventricular–vascular coupling ratio (r= 0.43; p = 0.002). There seems to be a weak correlation
between uncoupled right ventricular–vascular coupling ratio with the need for intervention and
performance on exercise testing (r= 0.33; p= 0.02). Conclusion: MRI-derived biventricular
ventricular–vascular coupling ratio provides a better estimate of ventriculo-ventricular inter-
action in children and adolescents with CHD. These associations are stronger than traditional
parameters and applicable to right and left heart conditions.
A ventriculo-ventricular interaction is known to exist – as the right and left heart function as two
pumps in series with a common blood supply, a common septum, and a shared
pericardium. The shared mechanics and haemodynamics of the ventricles create a collective
physiology represented in both health and pathology. Thus, the pathology of one ventricle,
as in some CHD, results in the pathology of the other initially unaffected ventricle. While
observed in many pathologic states, this association is not well quantified as traditional mea-
sures of ventricular size and function are limited in their ability to represent the complexity of
the cardiac system. To better characterise cardiovascular efficiency and to quantify the relation-
ship between a ventricle and its upstream vasculature, ventricular–vascular coupling ratio was
developed. Sunagawa et al established the concept of the left ventricle as an elastance in the 1980s
by giving the left ventricle and aortic elastance comparable units.1,2 This is significant as
elastance can embody the potential energy of the system. With this framework, ventricular–
vascular coupling ratio has since been defined in the following equation (Equation 1):3–8
VVCR ¼ Ea=Ees (1)
where VVCR is ventricular–vascular coupling ratio, Ea is effective arterial elastance, and Ees is
end-systolic ventricular elastance.
The effective arterial elastance (Ea) is an index of afterload, and the end-systolic ventricular
elastance (Ees) is an index of contractility.3–8 Initially defined through pressure–volumes loops
obtained via right heart catheterisation, the equations for arterial elastance and ventricular
elastance were established (Equations 2 and 3).3
Ees ¼ ESP=ðESV# V0Þ (2)
Ea ¼ ESP=SV (3)
where Ea is effective arterial elastance, Ees is end-systolic ventricu-
lar elastance, ESP is ventricular end-systolic pressure, ESV is ven-
tricular end-systolic volume, and SV is arterial stroke volume.
V0 represents a theoretic volume approximated by the volume
axis intercept of pressure–volume loops at end-systole. This
is to represent the volume of the unloaded ventricle.1,2 Though
not well studied, V0 is often assumed to be negligible in calculations
of ventricular elastance.3 With these definitions and assumptions,
ventricular–vascular coupling ratio simplifies down further
(Equation 4).3
VVCR ¼ ESV=SV (4)
where VVCR is ventricular–vascular coupling ratio, ESV is ven-
tricular end-systolic volume, and SV is arterial stroke volume.
This represents an efficient ventricular–vascular interaction
where the needed arterial stroke volume is transferred to the
periphery with the least possible energy expenditure. In contrast,
an uncoupled system, represented by ventricular–vascular cou-
pling ratio >1, signifies inefficient or failing cardiac function.3,6,7,9
Initially collected by catheterisation, through pressure–volume
loops with varying IVC occlusion to adjust preload, these concepts
have since been applied to non-invasive modalities including mag-
netic resonance and echocardiographic imaging. Though right
heart catheterisation remains the gold standard, there is an increas-
ing push towards non-invasive measures, particularly within
paediatrics.3–7
Prior research has focused on ventricular–vascular coupling
ratio and its applications to isolated right- or left-sided pathology.
In such cases, the measured ventricular–vascular coupling ratio is
considered in isolation from the other ventricular–arterial system.
Our primary aim was to look at similar patients via non-invasive
imaging to evaluate a hypothesised ventriculo-ventricular
interaction. We suspected that the uncoupling of a respective
ventricular–arterial system with left- or right-sided disease causes
a similar uncoupling in the paralleled circuit. Our secondary aim
was the compare ventricular–vascular coupling ratio calculations
by the non-invasive measures of cardiovascular MRI and
echocardiography.
Materials and methods
Patients were enrolled retrospectively from a database of cardiac
MRI studies obtained between January, 2008 and December,
2018 at the Seattle Children’s Hospital. Patients who underwent
cardiac MRI and echocardiogram within 6 months of each other
were considered. Other inclusion criteria included biventricular
physiology and either known as right- or left-sided congenital
cardiac lesions. In addition, for the purpose of assessing clinical
outcomes, patients also had to have obtained cardiopulmonary
exercise testing as per clinical indication within 5 years of their car-
diacMRI. Cardiopulmonary exercise testing was largely performed
on bike ergometer as per institutional protocols. A few exceptions
underwent testing by treadmill due to the inability to comprehend
biking instructions. Patients with interval intervention, surgical, or
catheter-based between cardiac MRI and cardiopulmonary exer-
cise testing were excluded.
Traditional measures of biventricular size and systolic function
were assessed by both MRI and echocardiography. Ventricular–
vascular coupling ratio for both modalities was also determined
as described below. Study was approved by the Institutional
Review Board at the Seattle Children’s Hospital.
Ventricular–vascular coupling ratio by cardiovascular
magnetic resonance
Cardiac MRIs were performed on a Siemens 1.5 T Magnetom
Avanto platform (Siemens Medical Solutions USA, Erlangen,
Germany) per institutional protocol. The analysis was performed
either on a CMR42 (Circle Cardiovascular Imaging Inc., Calgary,
Alberta, Canada) or a Leonardo workstation using Siemens analytic
software (Argus, Siemens Medical Solutions, Erlangen, Germany).
Traditional measurements were obtained and analszed via standard
techniques. Ventricular–vascular coupling ratio was determined
using Sanz’s approach and the equation is outlined below
(Equation 4).3,6,7
VVCR ¼ ESV=SV (4)
where VVCR is ventricular–vascular coupling ratio, ESV is ven-
tricular end-systolic volume, and SV is arterial stroke volume.
The ventricular end-systolic volume is calculated by tracing the
ventricular endocardial silhouette in end-systole. Similar tracings
are performed at end-diastole for ejection fraction calculations. In
a similar manner, the inner contours of the main vessels were
traced to determine area and flow rates from which stroke volume
was determined.
Ventricular–vascular coupling ratio by echocardiogram
All transthoracic echocardiograms were performed using an iE33
ultrasound system (Philips Medical System, Andover, MA, USA).
Standard images were obtained as per institutional protocol and
stored in digital format for offline analysis using Syngo Dynamics
workstation (Siemens Medical Solutions USA, Syngo Dynamic
Solutions, Ann Arbor, MI, USA). Traditional echocardiographic
parameters of left ventricle systolic function were analysed using
standard techniques in accordance with the American Society of
Echocardiography guidelines. The end-systolic volume, end-
diastolic volume, stroke volume, and ejection fraction were mea-
sured using the Bullet method (Equations 5, 6, and 7).8 These were
then applied to Equation 4 to determine ventricular–vascular
coupling ratio by echocardiogram.
ESV ¼ 5=6 LVAS % LS (5)
EDV ¼ 5=6 LVAD % LD (6)
SV ¼ EDV# ESV (7)
where ESV is ventricular end-systolic volume, LVAS is left
ventricular area at end-systole, LS is left ventricular length at
end-systole, EDV is ventricular end-diastolic volume, LVAD is left
ventricular area at end-diastole, LD is left ventricular length at
end-diastole, and SV is arterial stroke volume.
The left ventricular area was measured as an orthogonal cross-
section in a parasternal short window at the mid-papillary muscle
in both end-systole and end-diastole (LVAS and LVAD). Length is
measured from the mitral annulus to the apex in an apical
four-chamber view, again in both end-systole and end-diastole
(LS and LD). These are multiplied by a constant variable of 5/6
determined through modelling the left ventricle as a bullet-shaped
structure.
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Statistical analysis
Patient data were compiled and reported as mean and standard
deviation, or as median values and ranges for continuous variables.
Subgroup analysis was performed for right and left heart diseases.
Univariate and multivariate regressions were performed to deter-
mine associations with outcomes. In addition, Pearson’s correla-
tion coefficients were calculated to determine the strength of
relationships. All statistical analyses were performed using SPSS
19.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was
defined as p< 0.05.
Results
A total of 55 patients met the inclusion criteria for this study. All
patients had biventricular physiology, 11 with primary left heart
disease and 44 with primary right heart disease. Primary cardiac
diagnoses are further broken down in Table 1. Patients were aged
8–27 at the time of cardiacMRI with amean age of 14.3 ± 2.5 years.
Their mean weight was 58 ± 19 kg and mean body surface area
1.6 ± 0.3 m2 (Table 1).
Ventricular–vascular coupling ratio calculations, as well as tradi-
tional measures of ventricular function, were evaluated by cardiac
MRI. These results are represented in Table 2. The mean MRI-
derived ventricular–vascular coupling ratio for the left ventricle
was 0.83 ± 0.29 (0.72 ± 0.34 for left heart disease and 0.84 ± 0.29
for right heart disease) and for the right ventricle was 1.71 ± 0.93
(0.95 ± 0.43 for left heart disease and 1.89 ± 0.93 for right heart dis-
ease). In comparison, the mean echo-derived ventricular–vascular
coupling ratio of the left ventricle was 0.65 ± 0.15 (p< 0.001) and
it was 0.59 ± 0.12 for left heart disease and 0.66 ± 0.16 for right heart
disease. This moderately correlates to the MRI-derived ventricular–
vascular coupling ratio of the left ventricle (r= 0.43; p= 0.002),
though consistently underestimating it (Fig 1). Other traditional
measures of ventricular function includedMRI-derived left ventricu-
lar ejection fraction 57% ± 11% and MRI-derived right ventricular
ejection fraction 50% ± 10%.
Comparison of MRI-derived ventricular–vascular coupling ratio
for the right and left ventricles reveals amodest correlation (r= 0.41;
p= 0.003) (Fig 2). In addition, we found a modest correlation
between MRI-derived ventricular–vascular coupling ratio with its
respective ejection fraction (r = −0.76 to −0.88; p< 0.001) (Fig 3),
as well as the ejection fraction of the other ventricle (r = −0.42 to
−0.47; p< 0.01). However, biventricular ejection fraction had only
weak correlation with each other (r= 0.31; p= 0.02) (Fig 4).
Thirty patients (54%) of the right heart disease patients
required interventions at median of 12.7 months (range 0.6–61.0
months) following MRI. Surgical interventions were required in
21 patients when compared to 9 catheter-based interventions
Table 1. Patient demographics and diagnoses (n= 55)
Age (years) 14.3 ± 2.5
Male gender 31 (56%)
Weight (kg) 58 ± 19
BSA (m2) 1.6 ± 0.3
Right heart disease 44 (80%)
Left heart disease 11
Primary cardiac diagnosis
Tetralogy of Fallot 41 (75%)
Aortic valve stenosis 5
Left ventricular outlet obstruction 3
Pulmonary valve stenosis 2
Dilated cardiomyopathy 1
Left ventricular hypertrophy 1
Right ventricular outlet obstruction 1
Transposition of the great arteries 1
Data are expressed as mean ± standard deviation; number (percentage).
BSA = body surface area.
Table 2. Collective CMR and ECHO-derived data
CMR LV VVCR 0.83 ± 0.29
CMR Ao SV (ml) 69 ± 24
CMR LV ESV (ml) 57 ± 20
CMR RV VVCR 1.71 ± 0.93
CMR MPA SV (ml) 76 ± 26
CMR RV ESV (ml) 114 ± 45
CMR LV EF% 57 ± 11
CMR RV EF% 50 ± 10
CMR LV mass (g) 103 ± 52
CMR Ao RF% 1 (0–77)
CMR MPA RF% 34 (0–59)
ECHO LV VVCR 0.65 ± 0.15
ECHO LV SV (ml) 95 ± 34
ECHO LV ESV (ml) 60 ± 21
Peak VO2 (ml/kg/min) 31 ± 8
Data are expressed as mean ± standard deviation; median (range).
Ao: aorta = CMR = cardiac magnetic resonance imaging; EF = ejection fraction; ESV =
end-systolic volume; LV = left ventricle; MPA = main pulmonary artery; RF = regurgitant
fraction; RV = right ventricle; SV = stroke volume; VO2 = oxygen consumption;
VVCR = ventricular–vascular coupling ratio.
Figure 1. Correlation between MRI and ECHO-derived ventricular-vascular coupling
ratio of the left ventricle. CMR: cardiac magnetic resonance imaging; LV: left ventricle;
VVCR: ventricular-vascular coupling ratio.
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(Table 3). A majority of these were valve replacements (22 of the
30, or 73%). Mean MRI-derived ventricular–vascular coupling
ratio for the right ventricle was significantly higher in the group
with interventions (1.9 ± 1.0) compared to others (1.4 ± 0.7;
p< 0.05), while traditional functional parameters were not signifi-
cantly different (Fig 5).
All patients included in the study underwent cardiopulmonary
exercise testing, though 5 studies (9%) were deemed submaximal.
Most studies (53 of 55, or 96%) were performed on bike ergometer.
Mean MRI-derived ventricular–vascular coupling ratio for the
right ventricle also had some weak correlation to peak maximal
oxygen consumption as obtained from cardiopulmonary exercise
testing (r= 0.33; p= 0.02) (Fig 6), while traditional measures of
ventricular function had no significant association.
When subgroup analysis was performed separately for left and
right heart disease, the association with ventricular–vascular
coupling ratio between the other ventricle’s ventricular–vascular
coupling ratio stayed significant with (r= 0.85; p= 0.02) for left
heart disease and (r= 0.40; p= 0.008) for right heart disease,
unlike traditional ejection fraction measurements.
Discussion
A ventriculo-ventricular interaction is known to exist, though it
may not be well quantified by traditional measures of ventricular
function.10–15 Clyne et al published a review in the 1980s to
demonstrate this interdependence by describing its structural,
haemodynamic, and functional components.13With such complex
and multifaceted physiology, it is reasonable to expect that a more
comprehensive surrogate for the systolic function is needed to
appreciate this relationship between the right and left ventricles.
For example, ventricular–vascular coupling ratio which reflects
the ventriculo-arterial relationship, as demonstrated in this study,
Figure 2. Evidence of biventricular interaction by ventricular-vascular coupling ratio,
correlation between the ventricular-vascular coupling ratio of the left ventricle and
right ventricle. CMR: cardiac magnetic resonance imaging; LV: left ventricle; RV: right
ventricle; VVCR: ventricular-vascular coupling ratio.
Figure 3. Correlation between MRI-derived ventricular-vascular coupling ratio of the
left ventricle and left ventricular ejection fraction. CMR: cardiac magnetic resonance
imaging; EF: ejection fraction; LV: left ventricle; VVCR: ventricular-vascular coupling
ratio.
Figure 4. Correlation between the MRI-derived ejection fraction of the left ventricle
and right ventricle. CMR: cardiacmagnetic resonance imaging; EF: ejection fraction; LV:
left ventricle; RV: right ventricle.
Table 3. Interventions in study patients
Patients needing pre-CMR repair 51
Patients needing post-CMR intervention 30
Type of post-CMR intervention
Surgical 21 (70%)
Catheter-based 9
Data are expressed as raw numbers (percentage).
CMR = cardiac magnetic resonance imaging.
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appears to better estimate the biventricular relationship.3,6,7,9
When compared to ejection fraction, which does not adequately
reflect biventricular uncoupling, ventricular–vascular coupling
ratio incorporates ventriculo-arterial stiffening or compliance into
its calculations.4,5,14 As such, some component of the contralateral
uncoupling in the isolated right- or left-sided disease likely relates
to the increasing upstream arterial stiffness (Ea) or decreasing
ventricular compliance (Ees). For right-sided disease, increasing
end-systolic volumes would impede left-sided function with
leftward bowing of their shared septum. This septal displacement,
as well as mechanical discoordination between the septum and
right ventricle free wall results in decreased contractility of the left
ventricle.13,16 Changes in septal geometry also cause altered left
ventricle torsion resulting in decreased left ventricle efficacy.
Decreased left ventricle torsion rate also results in decreased
mechanical energy transfer from the left ventricle to right ventricle,
resulting in subsequent declines in right ventricle function.17 In the
setting of right ventricular pressure overload, a hypertrophy of the
right ventricle can result in diminished right ventricle compliance
and decreased output, which can be seen downstream as decreased
left ventricle output over time.13 Similar effects could also be seen
with left-sided lesions. In addition, considering the right and left
heart as two haemodynamic systems in series, increasing arterial
stiffness and afterload in aortic valve pathology could chronically
result in increased pressures downstream leading to a similar
biventricular uncoupling. Many factors likely contribute to the
biventricular uncoupling seen in CHD.10,13,14,17 Further analysis
of arterial and ventricular contributions to the uncoupling ven-
tricular–vascular coupling ratio would likely provide further
insight into this relationship. Also, while the biventricular interac-
tion remained significant on multivariate analysis for right and
left-sided disease, more patients with left-sided pathology would
allow for additional investigations into each ventricles’ contribu-
tion to the interdependence. And such an understanding would
allow for further characterisation and justification of the biventric-
ular uncoupling. Even though the ventricular–vascular coupling
ratio of the left ventricle correlates nicely to the left ventricular
ejection fraction, as they are mathematically related, it is interesting
to note that the population represented in this study appears healthy
froman ejection fraction standpoint, but not by ventricular–vascular
coupling ratio. This again suggests that ventricular–vascular cou-
pling ratio providesmore critical information than ejection fraction,
which fails to account for downstream effects of arterial compliance
of the ventricular function.
As a secondary goal, this study compared ventricular–vascular
coupling ratio calculations by cardiac MRI and echocardiography.
While a clear correlation exists between MRI-derived and
echo-derived ventricular–vascular coupling ratio, it was found that
echocardiography consistently underestimated the coupling. This
discrepancy may be explained by echocardiography underpredict-
ing end-systolic volume, overpredicting stroke volume, or a com-
bination of both when compared to cardiac MRI. Prior studies
assessing the Bullet method of echocardiography have found that
it underestimates volumes when compared to cardiac MRI.18–20
As such, a discrepancy in end-systolic volume most likely explains
our findings. The assumptions of Bullet method include that the
left ventricle is bullet shaped and as such the left ventricular volume
maybe be approximated by measurements taken in a single frame
multiplied by a fixed correction factor, 5/6 or 0.83.18–22 The error
likely occurs secondary to these assumptions. In addition, some
variation may be attributed to the averaging over multiple
heartbeats for cardiac MRI calculations when compared to echo
data that is collected over a single heartbeat. Further comparison
to calculations by right heart catheterisation would be beneficial to
further assess both non-invasive measures.
Lastly, this study revealed a correlation between worse MRI-
derived ventricular–vascular coupling ratio for the right ventricle
and the need for intervention. While not significant in left-sided
pathology, we suspect the small sample size of left-sided cardiac
lesions contributed to the finding. The findings for the right ven-
tricle suggest a clinical application of trending ventricular–vascular
coupling ratio to help guide the need for and timing of interven-
tions. Further longitudinal studies are needed to better explore this
finding. The correlation, albeit a weak correlation, between MRI-
Figure 6. Correlation between MRI-derived ventricular-vascular coupling ratio and
peak VO2. CMR: cardiac magnetic resonance imaging; RV: right ventricle; VO2: oxygen
consumption; VVCR: ventricular-vascular coupling ratio.
Figure 5. Need for intervention and MRI-derived ventricular-vascular coupling ratio
of the right ventricle. CMR: cardiac magnetic resonance imaging; RVVVCR: ventricular-
vascular coupling ratio of the right ventricle.
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derived ventricular–vascular coupling ratio for the right ventricle
and maximal oxygen consumption further emphasises the clinical
significance of ventricular–vascular coupling ratio, and in that, it
relates to exercise intolerance. No additional conclusions may be
drawn from the data collected by cardiopulmonary exercise testing.
We suspect these findings were limited by the number of submax-
imal studies (9%), as well as the inherent limitations of performing
cardiopulmonary exercise testing in the paediatric population with
variability in performance and compliance.
Study limitations
This study was conducted retrospectively. The study was also
limited by small sample size, particularly with regards to left-sided
cardiac disease. Images were collected in the paediatric population,
occasionally resulting in limited echocardiogram windows. The
study population is heterogeneous with regards to cardiac pathol-
ogy, particularly in that both right and left-sided diseases were
included, though many of the patients had right heart disease.
While the association with the ventricular–vascular coupling ratio
and the other ventricle’s ventricular–vascular coupling ratio
remained significant on subgroup analysis for left and right heart
diseases, the heterogeneity of our combined population likely
affected results. Specifically, we wonder whether stronger correla-
tions exist within a single disease state.
Conclusions
MRI-derived biventricular ventricular–vascular coupling ratio
appears to provide an estimate of the ventriculo-ventricular
interaction in children and adolescents with CHD, which has
otherwise not been well quantified. These associations are stronger
than traditional parameters and applicable to right and left heart
conditions. Echo-derived ventricular–vascular coupling ratio for
the left ventricle consistently underestimated the coupling.
Worse MRI-derived ventricular–vascular coupling ratio for the
right ventricle in patients requiring interventions suggests its
potential clinical value, which should be further investigated in
longitudinal studies.
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